Echinoderms, hemichordates and chordates are deuterostomes and share a number of developmental features. The Brachyury gene is responsible for formation of the notochord, the most defining feature of chordates, and thus may be a key to understanding the origin and evolution of the chordates. Previous studies have shown that the ascidian Brachyury (As-T and Ci-Bra) is expressed in the notochord and that a sea urchin Brachyury (HpTa) is expressed in the secondary mesenchyme founder cells. A recent study by Tagawa et al. (1998) , however, revealed that a hemichordate Brachyury (PfBra) is expressed in a novel pattern in an archenteron invagination region and a stomodaeum invagination region in the gastrula. The present study demonstrated that the expression pattern of Brachyury (ApBra) of starfish embryos resembles that of PfBra in hemichordate embryos but not of HpTa in sea urchin embryos. Namely, ApBra is expressed in an archenteron invagination region and a stomodaeum invagination region.
Introduction
Echinoderms, hemichordates and chordates share a number of developmental features (Dan, 1983) and form a monophyletic group of deuterostomes (Wada and Satoh, 1994 ). An affinity between hemichordates and echinoderms was recognized from their similar larval forms (Brusca and Brusca, 1990; Nielsen, 1995) . Recently, two papers were published on Brachyury gene expression in the respective embryos of those two groups, with different results (for echinoderm embryos, Harada et al., 1995;  for hemichordate embryos, Tagawa et al., 1998) .
The phylum Echinodermata comprises five major groups; crinoids (sea lilies), ophiuroids (brittle stars), asteroids (starfish or sea stars), echinoids (sea urchins) and holothuroids (sea cucumbers). Although molecular embryological data are accumulating on sea urchins (Davidson et al., 1998) , the developmental pattern of the sea urchin is not always representative of echinoderms. Many echinoderm embryos do not form micromeres at the 16-cell stage, and hence do not form larval skeletons. Similarly, the expression pattern of the sea urchin gene may not always be representative of other echinoderms. In the present study, we examined the expression pattern of a Brachyury gene in the embryos of a group of echinoderms other than sea urchins.
Results
Using degenerate oligonucleotide primers corresponding to shared sequences of Brachyury genes (see Section 3), a cDNA clone for a starfish homologue of the Brachyury gene (Herrmann et al., 1990; Herrmann and Kispert, 1994; Papaioannou and Silver, 1998) was isolated from Asterina pectinifera. The cDNA sequence was 2836 base pairs long and had a single open reading frame that predicted a polypeptide of 453 amino acids (Fig. 1A) . The T-domain was evident in the N-terminal half of the predicted protein (Fig.  1A) , and was highly conserved when compared with Tdomains of other T-box gene products (data not shown).
Recently, it was shown that the T-box gene products constitute a novel family of transcription factors with the DNA-binding activity at the T-domain and appear to play a crucial role in development of many animal species (Herrmann and Kispert, 1994; Papaioannou and Silver, 1998) . The family of T-box genes are grouped into at least five subfamilies, Brachyury (T), Tbx1, Tbx2 (Drosophila omb), Tbx6 and Tbr1 (Papaioannou and Silver, 1998) . To determine the subfamily to which the starfish homologue (ApBra) belongs, we aligned 121 amino acid sites of the T-domains based upon maximum similarity, by which molecular phylogenetic analysis could be performed by the neighbor-joining method (Saitou and Nei, 1987) . As shown in Fig. 1B , ApBra is grouped as a member of the Brachyury subfamily, including mouse Brachyury (T) (Herrmann et al., 1990) , amphioxus Ambra-1 and Ambra-2 (Holland et al., 1995) , ascidian As-T (Yasuo and Satoh, 1993) , acorn worm PfBra (Tagawa et al., 1998) and sea urchin HpTa (Harada et al., 1995) . This grouping was supported by the highest bootstrap value (100%; Felsenstein, 1985) . ApBra exhibited the highest affinity to sea urchin Brachyury HpTa. These results strongly suggest that ApBra is an orthologue of the mouse Brachyury (T), as in the case of sea urchin HpTa and acorn worm PfBra. Expression of the starfish Brachyury ApBra in embryos during the early development was analysed by in situ hybridization (Fig. 2) . RNA probes were synthesized from a fulllength cDNA of ApBra. Transcripts of ApBra were first detected in late blastulae, 17 h after insemination. Cells expressing the signal were arranged as a ring around the vegetal pole ( Fig. 2A,B) . In early gastrulae (Fig. 2C-F) , the signal was still detected in cells arranged as a ring at the base of the archenteron, whereas the signal was undetectable in the invaginated cells that constitute the archenteron. In advanced gastrulae (Fig. 2G,H) , mesenchymal cells appeared at the anterior portion of the archenteron. The signal persisted at the base of the archenteron, or at the blastopore, and thus the signal was not detected in either mesenchyme cells or cells of the archenteron. In mouthforming embryos (Fig. 2I,J) and even in early bipinnaria larvae (Fig. 2K,L) , the signal remained in cells around the blastopore or the anus. There was no signal detected in cells of the mesenchyme and coelomic vesicles that were derived from the archenteron.
To our surprise, this expression pattern resembled the expression pattern of PfBra in acorn worm embryos, but contrasted with that of HpTa in sea urchin embryos. In addition, ApBra expression was detected at another cellular region or at a region of the lateral embryonic wall in embryos after the initiation of gastrulation (Fig. 2C,D) . This region expressing the signal first appeared to be continuous to a ring of cells with the signal at the base of the archenteron (Fig. 2C,D) , but then it became a discrete domain (Fig. 2E-H) . When an anterior portion of the elongated archenteron became associated with a lateral embryonic wall region to form the mouth, it appeared that the association occurred at an anterior portion of the domain expressing the signal (Fig. 2G-J) . In early bipinnaria larvae, the cellular region expressing the signal was detected at the posterior ventral portion of the mouth or so-called 'lower lip' (Fig. 2I-L) . Therefore, it may be concluded that the ApBra expression first occurs in cells at a presumptive ventral (oral) region in the early gastrula stage and then becomes restricted to cells at the region of the lower lip through formation of the mouth. Such a pattern of ApBra expression in embryos of this form of echinoderms also resembles the pattern of PfBra expression in hemichordate embryos, recently shown by Tagawa et al. (1998) .
Methods
The starfish Asterina pectinifera was used in this study. Embryos and larvae were reared at 20°C. Primers for PCR amplification were 5′-TA(C/T)AT(C/T)CA(C/T)CC(C/ T)CC(A/C/G/T)GA(C/T)TC(A/C/G/T)CC-3′ as the sensestrand oligonucleotide and 5′-(A/G)AA(A/C/G/T)GC(C/ T)TT(A/C/G/T)GC(A/G)AA(A/C/G/T)GG(A/G)TT-3′ as the antisense oligonucleotide (Tagawa et al., 1998) . Target fragments were amplified from an Asterina pectinifera 24 h gastrula cDNA library constructed with lZAPII (Stratagene). PCR products were sequenced with the ABI PRISM dye primer cycle sequencing kit (Perkin Elmer). Using PCR-derived clones, we screened the Asterina pectinifera cDNA library under a high stringency condition. Nine cDNA clones were obtained. The longest was used for sequencing. Both strands were sequenced. In situ hybridization of whole-mount specimens proceeded with DIGlabeled sense (control) and antisense RNA probes.
